
e Fermi National Accelerator Laboratory 

FERMILAB-Conf-87/108-T 

June, 1987 

Heavy Flavour Production and Colour Coherence in 
Hadronic Scattering 

R. K. Ellis 

Fermi National Accelerator Laboratory 

P. 0. Box 500, Batavia, Illinois 60510 

Abstract 

Two recent advances in perturbative QCD are described. Firstly, the theory of 

heavy flavour production is reviewed. Detailed results of the simple perturbative 

QCD formula are presented. It is argued that there are significant advantages 

in hadro-producing both charm and bottom quarks with pions rather than with 

protons. Secondly, the implications of colour coherence for hadronic hard scattering 

events are discussed. It is shown that soft radiation in hadron-hadron scattering 

can be represented as an incoherent sum of terms, subject to a dynamical angular 

ordering constraint. All the elements necessary to set up a shower Monte Carlo 

are now present. The observability of the string effect in hadronic collisions at the 

Fermilab collider is discussed. 
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1 Heavy flavour production 

Experimental results on the hadroproduction of charmed particles are hard to interpret, because 

the measured cross-sections appear to vary widely between experiments[ll. Moreover the measured 

differential distributions are not always explicable within the context of the simple perturbative QCD 

picture. With the advent of new experiments it is to be hoped that the hadroproduction of charmed 

particles will pass from this adolescent phase, to a full maturity in which it will reveal its strength 

both as a probe of perturbative and non-perturbative Quantum Chromodynamics and as a copious 

source of charmed particles. The hadroproduction of bottom quarks on the other hand is still in its 

infancyl*l. The high-statistics obtainedis] for the photoproduction of charm in Fermilab experiment 

E-691 provide great encouragement for experiments aimed at the hadroproduction of charm and 

beauty, such as Fermilab experiment E-769 which uses similar detection techniques. Another reason 

for great experimental interest in bottom and charm production at collider energies is that it has 

become apparent that these processes provide significant backgrounds in the search for new flavours, 

such as the top. 

These experimental considerations have provided motivation for attempts to put heavy Ravour 

production on a more solid theoretical footing. The recent theoretical progres&s*sl can be summarized 

as follows. It is now believed that the dominant parton reactions leading to the production of a 

sufficiently heavy quark Q are 

(4 q(p1) + ii(P2) + Q(P3) + Gi(P4) 

(6) g(m) + g(m) -+ Q(m) + Q(P~) , 
(1) 

where the four momenta of the partons are given in brackets. The invariant matrix elements squared 

for processes (a) and (b) have been available in the literature for some timel’0~11~121 and are given by 

Cl g’V {13}2 + {23}2 m2 
@‘qPl,P*,P3,P4) 2 ~ I= ( {12P + WI -) 

Cl~g”Q~(Pl,h,h,P4)(* = 
4 

4 

V 2NZ 
2;N {13}{23} - {12}* 

{13}* + {23}‘+ 2m*{12} - ;;;;$ , 
(3) 

where the dependence on the SU(N) I g p co or rou is shown explicitly, (V = N* - 1, N = 3) and m 

is the mass of the produced heavy quark Q. The matrix elements squared in Eqs. (2,3) have been 

summed and averaged cwer initial and final colours and spins, (as indicated by n. For brevity, we 

have introduced the notation for the scalar product of two four-momenta. 

Pi.Pj = {ii} 

The transverse momentum of the heavy quark or antiquark produced by the processes of Eq. (1) is, 

on the average, of the order of its mass, whereas the transverse momentum of the quark-antiquark 

- pair is small. In addition the cross section for the production of charmed particles is predominantly 

central[sl. To check that this conclusion is not vitiated by higher order corrections, in ref.[6] the 

leading O(&) correction at large ZF was calculated. It was shown that for the case of charmed quarks 

this contribution gives a negative correction to the processes in Eq. (1) after facto&&on. Although 

much progress[7*s~gl in the calculation of O(cri) corrections to heavy quark production has been made 

: 



a full calculation is still lacking. The theoretical arguments summarized above do not address the 

issue of whether the charmed quark is sufficiently heavy that the hadroproduction of charmed hadrons 

in all regions of phase space is well described by only processes (a) and (b) and their perturbative 

corrections. 

We now address the question of the relative efficacy of pion and proton beams in producing heavy 

quarks, which is of interest to plan experimentsl 13-141. In Fig. 1 we show a comparison of the cross- 

sections for the production of charmed quarks by beams of pions and protons. We have calculated 

rates for heavy flavour production via the elementary two-body processes (a) and (b) using the pion 

structure functions of Owen~[‘~1 and, for consistency, the proton structure functions of Duke and 

Owen~.[‘~l For the strong coupling constant we use the standard one-loop expression 

l/a.(Q’) = g log g - & 1 S(Q* - 4mj) log(Q*/4mf) 
,=c,b,... 

(5) 

with A=200 MeV. In both the structure functions and the strong coupling constant we take Q2 = 4m:. 

The cross sections are calculated for an ‘isoscalar nucleon” N s (p+n)/Z. The results we present refer 

to the cross sections for producing either a quark 01 an antiquark (not summed). This must be kept 

in mind in comparing with experimental results. Furthermore, the experimental results are for the 

production of particular hadrons containing heavy quarks, whereas our results are for the production 

of heavy quarks. Thus the branching fraction of heavy quark decays to the observed hadron containing 

that quark must also be included in the comparison. 

The integrated cross sections for charm production in xN and pN collisions are shown in Fig. 1 

for charmed quark masses m, = 1.2, 1.8 GeV. There is considerable sensitivity to the quark mass: 

the rates differ by nearly an order of magnitude for the two choices. This sensitivity is largely due to 

the rapid growth of the gluon distribution function as we proceed to lower values of z. In the forward 

region (ZF > 0.2), pion beams produce charm at about twice the rate of proton beams, as shown in 

Fig. 2. This can be seen in detail in Fig. 3, where the distribution in ZF is shown for pion and proton 

beams of momentum of 250 GeV, appropriate for experiment E-769. The advantage of the pion beam 

for charm production lies principally in the harder gluon distribution, proportional to (1 - ~)~.~uersus 

(1 - z)~ for the proton, not in the contribution of valence antiquarks. The stiffer gluon distribution 

function leads to greater production in the forward direction. Fig. 4 shows the distribution in p$ in 

the forward region at the same beam momentum. 

Turning now to the production of bottom quarks, the integrated cross sections in nanobarns for 

aN and pN collisions are shown in Fig. 5 for bottom quark masses rnb = 4.7, 5.3 GeV, Q2 = 4mi. As 

was the case for charm, there is considerable sensitivity to the quark mass, now at the level of a factor 

of three to four. In both cases, there is a significant advantage for the pion beam. This advantage 

is accentuated when attention is restricted to forward production (ZF > 0.2), as shown in Fig. 6. 

For pN collisions the gluon fusion mechanism (b) is dominant, except at the lowest energies. For aN 

collisions, the situation is quite different. The qij annihilation process (a) is pre-eminent, with gluon 

fusion contributing significantly only at the highest energies. The prominence of mechanism (a) is of 

course due to presence of valence antiquarks in the pion. Fig 7 shows the ZF distribution at a beam 

momentum of 250 GeV. Lastly in Fig. 6 we show the distribution in p$ in the region 2~ > 0.2 at the 

same beam momentum. 



Thus for experiments sensitive to forward production of heavy flavours, we find that pion beams 

hold an advantage over proton beams for the production of both charm and bottom. This in part 

because the heavy flavour cross-sections are larger, but also because the aN total cross-section which 

is smaller than the pN total cross-section will provide a smaller background to the search for heavy 

flavours. The general conclusion is that choosing a pion beam to enhance the prospects of a search 

for bottom quarks will not compromise the yield of charmed particles. 

2 Colour Coherence in Jet Physics 

Because of the presence of coloured constituents in both the initial and final states, the study of hard 

processes in hadron-hadron collisions has proved more complicated, experimentally and theoretically, 

than in electron-positron annihilation. In this report the inclusion of the colour coherence of soft 

radiation is described for the case of hadron-hadron scattering. This analysis puts jet physics on 

essentially the same theoretical footing as e+e- annihilation. It is known that large terms associated 

with collinear gluon emission can be deduced from the factorisation of mass singularities, but those 

arising from soft non-collinear gluon emission cannot yet be fully derived from general principles. 

However, the leading logarithmic contributions in perturbative QCD can be represented by treelike 

graphs, corresponding to a parton cascade in which the characteristic parton virtuality decreases as 

one moves away from the hard subprocess [l’]. After averaging over azimuthal angles with respect to 

the hard parton directions, the leading effect of soft gluon interference (coherence) is a reduction of 

the available phase space for the cascade to an angular-ordered region [l’~ls~lO~*oL 

For the case of three jet events in e+e- annihilation the coherence of the radiation from the hard 

partons leads to the string effect[ 21J*l. In the language of perturbative QCD, the string effect is a 

result of constructive and destructive interference. Of course, it is entirely unremarkable that such 

interference effects should be observed in quantum field theory. However, it is interesting to note that 

the experimental evidence indicates that such interference effects survive the hadronisation process, a 

phenomenon which the authors of ret(22) call local parton-hadron duality. 

At sufficiently high energy, the colour structure of a hadron-hadron collision in which a hard 

scattering occurs will also determine the pattern of associated radiation. Because the distribution of 

this radiation is not significantly altered by hadronisation the observed pattern of the hadrons which 

lie between the jets will depend on the colour of the partons participating in the hard scatter. At the 

end of this section we shall examine whether the string effect is observable in hadronic scattering at 

Tevatron energies. 

In the case of radiation from outgoing partons, which have timelike virtualities, the angular ordering 

is such that the emission angles of soft gluons decrease as the parton cascade evolves from the hard 

subprocess towards lower virtualities. It has recently been discovered [23~24~ that the soft radiation 

from incoming, spacelike partons should follow an analogous ordering: in this case the angles of 

emission increase as one moves from the initial hadrons to the hard subprocess. The parton-cascade 

interpretation of the leading perturbative contributions suggests the Monte Carlo simulation technique 

for their numerical evaluation. The Monte Carlo method also permits one to follow easily the flow 

of colour in the cascade, at least to leading order in N, since to this order the colours of all external 

lines may be traced continuously through the corresponding tree diagram. Finally, in a Monte Carlo 



simulation it is straightforward to combine the perturbative parton cascade with a nonperturbative 

model for the conversion of parton configurations into hadrons (hadronization) at any desired scale of 

virtuality. 

Monte Carlo programs including coherence via angular ordering are already available for the case 

of final-state cascades (timelike parton evolution) such as those in e+e- annihilation 125~26]. Here the 

largest angle is the initial one between the quark and antiquark at the photon vertex. The resulting 

colour and momentum structure of the parton cascade is particularly simple, and, when combined 

with C&UP and momentum-conserving models of hadronization 12’1, accounts for many features of 

the experimental data[‘*]. 

We first illustrate the derivation of the angle ordered approximation in the process e+e- + qpg. 

Soft gluons are emitted only inside certain angular regions around the directions of the hard partons 

q, 1 and g. We introduce the angular variables <i = 1 - cos&, where Bi is the angle between the soft 

gluon and the hard parton i, and <ij = 1 - eos8ij where f$ is the angle between hard partons i and 

j. In terms of these variables the eikonal factor which describes the emission of soft radiation may be 

written, 

[ii] = 9 (6) 

where Ikl represents the energy of the soft gluon. The expression in braces contains the collinear pole 

at <i = 0 but not that at <j = 0. Furthermore, when averaged over the azimuthal angle bi around the 

direction of hard parton i, it vanishes outside the cone <i = cij. In fact~‘9~*zl, 

(7) 

Hence, averaging each term with respect to azimuth around its direction of singularity, we may write, 

Eq.(8) has the same form as the incoherent radiation emission result but with a dynamically imposed 

angular constraint on the phase space. 

For a simple hard subprocess such as qq --t 2, W+, or W- ( Z, W+, or W- production in hadron- 

hadron collisions) the perturbative analysis is entirely analogous to the case of e+e- annihilation 

described above. The starting angle for the backward cascade is that between the quark and antiquark 

at the Z or W vertex. Moreover the colour flow at the elementary hard vertex is again simple, and 

therefore the colour structure of the parton cascade is easily recovered. 

The situation is more involved for processes involving both incoming and outgoing coloured partons, 

such as the production of two hard jets in a hadron-hadron collision, for which the elementary hard 

subprocess (h) is 2 -t 2 parton scattering, 

(h) parton + parton - parton + parton(p4) (9) 

In this case there is interference between soft gluon emissions from spacelike and timelike lines and it 

is not obvious which angles should be used to initiate the various parton cascades. Furthermore the 

hard matrix element squared I&f(“) I* receives contributions from different colour flow diagrams, each 

one leading to a different colour structure for the produced multiparton state. In order to extend the 



Monte Carlo simulation with coherence to such processes, one must find the correct initial angles and 

weights corresponding to each colour flow contribution. 

The generalisation of the procedure for efe- annihilation to the case of parton-parton scattering 

is straightforward[301. We start from the known[9~81 exact expression for the matrix element squared 

lM(H)IZ for the general hard 2 -+ 3 parton process (H): 

(H) parton + parton(p2) + parton + porton + &on(k) (10) 

We then take the soft limit for the gluon momentum (k -+ 0) in IMR) 1’ so that the process (H) reduces 

to the process (h) with a soft gluon emitted from each hard parton i. As discussed in Refs.[17,22] the 

soft momentum dependence factorizes into the eikonal factors, 

so that we may write, 

~\A@)12 - c[ij] Ai;’ 
ij 

(12) 

where the coefficients Ai:’ are functions of the kinematic invariantsof the 2 -+ 2 process (h) in Eq.(S). 

After appropriate azimuthal averaging, the eikonal factors in Eq. (ll), reduce to sullls of Q- 

functions[“~**1 in the angular variables Bi and tiij, the latter being the angle between the two hard 

partons i and j. These 0-functions define the available phase space in f4 for the various contributions, 

and consequently the largest initial angle for the radiation emitted from the parton i. 

The main result is very simple: around each one of the four hard partons in the elementary 

process (h) there is a cone bounded by the nearest other hard parton (ei < Sij), in which the soft 

gluon bremsstrahlung is simply given by, 

EpH)IZ + $(1 _ ;osei)EIq2 (13) 

Here Ci = Cp for a quark, CA for a gluon, (CA = N = 3, CF = (N2 - 1)/(2N)). Only these four 

contributions are collinear singular as 0, + 0. 

The full results for QCD including the azimuthal averaging procedure are given in Ref.(SO). The 

implementation of the angular averaging using Eq.(8) is straightforward and we do not report it here. 

Instead we present the full results from which the angular averaged results can be obtained. In QCD 

there are four two-to-three parton scattering processes which we must consider in order g6, 

(-4 dpl) + q’(a) -+ q(m) + q’(m) + g(k) 
(B) qh) + q(m) - q(p3) + qh) + g(k) 
(C) qh) + ii(a) + g(m) + g(p4) + g(k) 

@‘I dpd + da) + g(m) + gh) + g(k) 

(14) 

All other matrix elements for two-to-three parton processes may be obtained by crossing. It will be 

useful to consider also the W production process with gluon radiation, 

(E) clh) + P(Pz) + W(m) + g(p4) + g(k) (15) 



The exact spin and colour averaged matrix elements squared for the processes (A - E) have been 

given in refs.(9,8,31). In the soft limit k -+ 0 the matrix element for process (A) becomes, 

E'kdA)12 = f#(S,t,U){2CF ([14] + [23])+ ;[12;34]} (1’3) 

where the dependence on the SU(N) co our 1 group is shown explicitly and the eikonal factor [ij] is 

defined in Eq.(ll). For simplicity we have defined the following frequently occurring sum of eikonal 

terms, 

[12;34] = 2[12]+ 2[34] - [13] - [14] - [23] - [24] 

which has no collinear singularities, and 

8 = (p1+ PZ)Z, t = (Pl - Pay, u = (Pl - P4)2, 

The 2 + 2 matrix element squared H(“) is given in Table I. 

4 P(P1) + dP2) ---) (I(m) + P’(P4) 

r pq2 = H(“)(s, t, u) 

4 dP1) + dP2) -+ Q(P3) + dP4) 

z IM’)I’ = H)(s, t,u) 

Hp)(s,t,U) 

4 P(Pl) + Q(P2) + da) + S(P4) 

r (MM I2 = H(“l(s, t, u) 

I$)(*, t, u) 

E$)(s, t, u) 

1 

!m(qq+ !!Igy.y) - 3gq) 

~(~) 

g4CF(t2 + t“) [(l - & - ;] 

g4T(t2 + 2) [(l - $,i - ;] 

g4;(t2 - 2) [; - $1 

4 s@d + g(m) + g(m) + g(m) 
z IM(dl la = iW) (a, t, u) 

Hid)(s t u) 7 7 

(17) 

(15) 

Table I. Spin and colour averaged matrix elements squared for 2 -+ 2 processes and the auxiliary 

functions necessary 60 describe the soft limit of 2 + 3 processes. s = (~1 + p~)~, t = (PI - 4)’ and 

u = (PZ - P#. 

In the limit k + 0 the matrix element squared for process B may be written in the form, 

x pq --t 

(H(‘)(s,t,u)- +~)(s,t,u)) (2G ([14]+ 1231)) 

+ 
( 

id’)(a, “, t) - $$)(8,u, t)) { 2cF ([13] + 1241) } 

+ (H@)(s,t,u) + H(‘)(s,u,t) - (N + &$)(s,t,u)) { $12; 341) 

(19) 



where the auxiliary function H, (‘l is given in Table I. 

For process (C) the exact result has been given in ref.(g). In the soft limit k + 0 we obtain 

p(c))* + 

H+)(s,t,“){2CF[12] + 2C,[34]} (20) 

-H~)(~,t,u){2C~[12;34]}+H~~)(s,t,u){2CF([14] + 1231 - [13] - [24])} 

Hfc) is the invariant matrix element squared for the process q + q -+ g + g, and is given together with 

Hi’), Hi”) which are Ehe auxiliary functions’ in Table I. 

For process (D) we obtain, 

zIM@)I --t 

H(d)(s,t,U){;C.4([12]+[34]+ [13]+[14]+ [23]+ 1241)) (21) 

+CA{ Hy)(s, t, u) ([12] + [34]) + Hjd’(t, 8,~) (I131 + 1241) + 4dh t, 4 (P41 + 1231)) 

where Hfd) is the 2 -+ 2 gluon scattering matrix element squared given in Table I together with the 

auxiliary function Hcd) 1 ,which satisfies the relation, 

Hjd)(s, t, u) + Hjd)(t, s, u) + Hjd)(u, t, a) = 0 (22) 

Finally, for the W production process (E) the matrix element squared is given in the limit k -+ 0 

by, 
c p’w’# I2 ={2CF[12] + C~([14] + [24] - [12])}Hq~‘W+,t,~) (23) 

where, 

Hqq’wg(s, t, u) = %7&$?2cF 2s(s + t + u) 
N tu 

is the qq -+ Wg hard scattering matrix element squared. 

We have considered the soft gluon limits of the parton parton scattering processes (Eq.(14,15)). 

The results for the soft gluon limits of all other parton scattering processes can be obtained by crossing. 

After appropriate azimuthal averaging our results can be written as an incoherent sum of terms for 

each parton. In the notation of Eqs. (12) the contribution of parton i is of the general form, 

WiCH) = (2Cig2/ lkl’ G) jz8& J$’ (25) 

At least to leading order in N, this expression is positive and so may be used to define probabilities 

for soft gluon emission into various cones centred on the hard parton directions. 

To set up a Monte Carlo simulation of multiple soft gluon emission, one can then proceed as follows. 

For a given 2 + 2 hard parton subprocess (selected according to parton densities and hard scattering 

cross sections at the appropriate scale), a cone for the first gluon emission from each external line 

is chosen according to the relative probabilities defined above. After this choice of initial conditions, 

parton branching proceeds independently inside each of these cones according to the usual angular- 

ordering algorithm1251, leading to backwardevolution of incoming parton showersand forward evolution 

of outgoing ones. In the large N limit this procedure should incorporate correctly all leading infrared 

‘Due to (L typographical erxn the auxiliary function H, (‘) is wrongly given in the published version of ref. [30] 



logarithms. By replacing the soft singularity in Eq. (25) with the full Altarelli-Parisi functioni3*1 one 

can also include the leading collinear logarithms. 

All the elements are therefore assembled ready to be inserted into a Monte Carlo program. Without 

a complete Monte Carlo event generator, including a model for the underlying event due to the beam 

and target fragments, it is hard to tell at what energy the effects of colour coherence should become 

visible. Presumably at the SSC the effects of “soft” radiation should be easily distinguishable from 

the minimum bias background. For example, it is to be expected that the radiation pattern associated 

with the production of a Higgs boson should be different depending on whether it is produced by 

gluon-gluon fusion or by W-W fusion1331. 

In a recent preprint13’1 it has been suggested that the effects of colour coherence should be visible 

in jet events at the Tevatron @ collider operating at fi = 1.8 TeV. The basic idea is that, just as 

in the reaction e+e- -+ qqg, the parton-parton scattering acts as a colour antenna. The distribution 

of soft particles between the observed jets should be determined by the overall colour structure of the 

event. The multiplicity of charged pions in a given solid angle fZ(8, 4) is fixed by the directions and 

energies of the coloured partons. In the centre of mass of the parton-parton system it can be written 

r$+P($f;e,$) g! (26) 
where J/g is the multiplicity of pions in a gluon jet of energy E, and P is an antenna pattern function 

describing the angular distribution of soft radiation. P is defined in more detail below. The derivative 

of U, with respect to Y = log(E/A) describes the multiplicity of pions into the appropriate angular 

region[351, and E is to be loosely identified with the transverse energy of the hard scattering. In the 

leading and next-to-leading logarithmic approximation A’# is given by[‘*], 

N,(Y) FJ o.oEY-c exp 
d- 

g 

where b. = (33 - 2n,)/12a and c = (11 + 22n,/27)/16 nbo. Following ref. [34] the norm&&ion 

has been fixed in Eq. (27) by assuming that these asymptotic formulae hold already at E = 17 GeV, 

and equating the multiplicity of charged pions from a gluon of energy E with the total charged pion 

multiplicity J&- = 10.3 observed at energy 2E in e+e- annihilation~36]. Thus we have assumed that 

the multiplicity of a quark jet is approximately half the multiplicity of a gluon jet[l*]. 

N, - 2Nq = NC+.- (28) 

The results use five Ravours of quarks and assume A = 0.1 GeV. Using Eq. (27) we obtain at 

E = 20,90 GeV respectively, 
dU, 
dY 

FJ 5.0, 
dN 
--! m 8.6 . 
dY (29) 

It should be stressed that the corrections to Eq.(27) are of order O(l/&). Thus the numerical relia- 

bility of Eqs.(27,29) in the present energy range is by no means assured. Nevertheless when combined 

with the plots for the antenna pattern P which we present below they allow a preliminary estimate of 

whether the colour coherence effects will be visible above the normal soft scattering background. 

Following ref. [34] we make a conservative estimate for the background multiplicity due to soft 

processes, (e.g. aa observed in a minimum bias events) 

dN 1 dN 1 d,,dt 
rdn=Zdeose=-- 

2sinZ0 dq (30) 



where the number of particles per unit of pseudo-rapidity can be taken to be dNsOft/dq = 6, which 

is about 50% higher than the value observed by the UA5 collaboratio&‘1 in minimum bias events 

at the CERN collider at ezO.9 TeV. A crude estimate of the observability of the colour coherence 

effects can be obtained by assuming that the contributions given in Eq.(26,30) are incoherent and 

independent, and comparing their size. 

The magnitude of the function P is necessary to perform the comparison. P is the antenna pattern 

function which is defined as the ratio of the two-to-threeand two-to-twocross-sections in the soft limit, 

t u IklZ pq 
P(,, 8; 6 4) = EN92 IM(h) 12 (31) 

where 8, t and u are the kinematic variables of the twwto-two hard scatter which provides the colour 

antenna. The prefactor in Eq. (31) removes certain terms which are included in the definition of the 

multiplicity in Eq. (26). 

The simplest process to consider is the production of W-bosom at the Fermilab collider. At large 

pi there are two processes which contribute. 

(4 Q(P1) + Q(PZ) -+ W3) + S(P4) 

(4 qbd f&2) -+ W(P~) + q(p4) 
(32) 

The antenna pattern for process (i) can be obtained from Eq. (23), 

(33) 

The antenna pattern for process (ii) can be obtained by performing the interchange (2 t+ 4). Fig. 9 

shows the antenna pattern due to processes (i) and (ii) at 90° in the parton parton centre of mass. 

From process (i) the radiation between the directions of incoming quark(l) and outgoing gluon(4) is 

equal to the radiation between the direction of the incoming antiquark(2) and the outgoing gluon(4). 

On the other hand the radiation due to process (ii) is large between the directions of the incoming 

gluon(2) and the outgoing quark(4), but much smaller between the directions of the incoming quark(l) 

and the outgoing quark(4). This is qualitatively in accord with the angular ordering result@]. At 

fi = 1.8 TeV the contribution of qg scattering to W production can be sizeable at moderate values 

of pr. Fig. 9 suggests that it may be possible to distinguish whether a W is produced by process (i) 

or (ii) on an event by event basis. 

In order to examine this proposition in more detail it is useful to have an idea of the number of 

charged particles which contribute to the asymmetry. To do this we use Eqs.(26,29). Using Fig. 9 

we estimate the angular region in which the two antenna patterns differ appreciably to be A0 = 45’. 

Lacking better information we also assume A$ = A0 = 45O. Therefore at 0 = 45O we obtain, 

AflFJ 0.14n. (34) 

Temporarily setting the antenna pattern P equal to one, we see using Eq.(29) that the number of 

particles contributing to the asymmetry is of order 0.7 for pr = 20 GeV and 1.2 for pr = 90 GeV. 

These numbers could be underestimates. The angular range in 4 could be larger and the useful 

angular range in 0 might be increased by moving sway from 90° scattering. Nevertheless, with such 



small numbers of particles involved, the possibility for confusion of processes (i) and (ii) due to 

fluctuations must be large. 

We now go on to consider the possible effects of colour coherence in two jet events at the Tevatron 

collider. For example, by crossing Eq.(8), we can show that the antenna pattern function for the 

process, 

Q(P1) + d(PZ) + q(m) + $(P4) (35) 

is given by, 

In this case the antenna function has a particularly simple form because Eq. (16) is proportional to the 

lowest order cross-section. The principal two-to-twoscattering processes responsible for jet production 

in * collisions are, 

P(Pl) + aP2) - dP31+ ii 

dP1) + dP2) + dP3) + dP4) 

dP1) +!dPz) + dP3)fdP4). 

(37) 

The antenna patterns for these processes are easily derived from Eqs. (19,20,21) and Table I. Figs. 10, 

11 and 12 show the resulting antenna patterns for the 90° scattering in the centre of mass. It can be 

seen from Fig. 11 that in qg + qg there is an asymmetry of about a factor four between the first and the 

third quadrant, which, if detectable, would allow the identification of gluon and quark jets on an event 

by event basis. By moving to large rapidity we select events in which the fraction of the longitudinal 

momentum of the hadron carried by one of the partons is very large and the other is very small, 

leading to an enhanced contribution from quark-gluon scattering. Fig. 13 shows the enrichment of the 

qg fraction which can be achieved by moving to large rapidity. We have chosen yl = yz corresponding 

to 90° scattering in the centre of mass and adopted a notional value of pi = 90 GeV. At y = 1 the 

qg fraction is 44% rising slowly to 60% at y = 2. Since it is not possible to obtain a pure sample of 

qg events, the fluctuations of gg and qq events into asymmetrical configurations may provide serious 

contamination of the qg sample. Nevertheless the prospect of identifying quark and gluon jets in the 

same event is sufficiently exciting that the problem deserves further study. 
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Figure 9~ Polar plot showing the antenna pattern P(-), -f;e,O) vemm 0 for the pro=- q@l) + 

q(h) -+ W@s) +g@& (solid line) and q(m) + g@1) + W(n) + qh), (dslhcd line) for 
w scattering in the cantre of mma. The value of P in girsn by the radial di~tanca of the 
cuws from the o&gin. The plota bye bean cut off at P = 4, so the oingultitia in the 
coulnur regionm am not diip1ayed. 

Figure 10: Polar plot showing the antenna pattern P(-f, -$&O) verau 0 for the identical quark 
pro== dP1) + aJz) - dh) + T@d 



Figure 11: Polar plot ahowing the antenna pattern P(-f, -4; #,O) vcm 6 for the procca 

!lh)fdPt) -dPd+dPd. 

Figure 12: Polar plot ahowing the antenna pattern P(-i, - f;e,O) ~trm~ 6 for the ProCa 

!dPd +dPd -dPd+dP4)~ 
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